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For the purpose of powder injection moulding, a specific
method is presented to identify the parameters for a com-
bined rheological constitutive model. This model is a com-
bination of three models used in powder injection moulding
and accounts for the effects of the temperature, shear rate
and particle size of the powder. The data achieved in ex-
perimental measurements were used for identification of
the model parameters. The model with identified parame-
ters could be used to realize accurate simulations.
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1. Introduction
Metal injection moulding (MIM) is an economically attrac-
tive process for the production of small and complex metal-
lic parts in large quantities. An advantage of this process is
the direct production of complex, 3D, net-shaped compo-
nents. Subsequent machining is rarely required. The final
micro-components are used in a large range of applications,
including in the medical, dental, aerospace, and automotive
industries.
Studies on the powder injection moulding (PIM) process
have achieved important advances in the last twenty years
[1–4]. The dimensions and mechanical properties of MIM
products are significantly affected by the feedstock charac-
teristics and the process parameters of injection moulding,
debinding and sintering.
For injection moulding of Inconel-based superalloys, the
preparation of the feedstock of the Inconel-based superal-
loys is the most crucial stage. Sommer et al. [5] and Ahn
et al. [6] showed the effects of the processing techniques
and feedstock elaboration process on the material proper-
ties. Bilovol et al. [7] investigated the influence of the visc-
osity model via numerical simulation of the powder injec-
tion moulding process. Ui Moshin et al. [8] studied the
influence of the solvent and thermal debinding parameters
on the injected feedstock via thermo-analytical methods.
Numerical simulation of injection moulding is a very im-
portant method for designing the process and products. An
accurate rheological model of the feedstock is crucial for a
correct simulation. The feedstock is injected with large
shear rates, up to 105 s–1, under a temperature that may
induce degradation of the polymer binder. The choice of a
rheological model and the determination of its parameters
should be made by the specifically designed tests with re-
spect the same conditions in injection moulding.
In the present work, comparisons were made between
experimental results and those obtained from analytical
models.
Ratkovich et al. [9] showed several rheological models
suitable for non-Newtonian materials to predict the appar-
ent viscosity with different complexity. In the work of Se-
napati et al. [10], a constitutive behaviour law was elabo-
rated to account for the effects of particle size, temperature
and shear rate. The models described the viscosity as a
function of the shear rate, as shown in Table 1. The Car-
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Table 1. Empirical models for the viscosity of MIM feedstocks.
Model Equation
Power-law
(Ostwald deWaele) s ¼ k _c
n
Bingham s ¼ s0 þ k _c
Herschel and Bulkley s ¼ s0 þ k _cn
Casson s0:5 ¼ s0:50 þ l0:51 _c0:5
Sisko l ¼ l1 þ K _cn%1
Cross l% l1
l0 % l1
¼ 1
1þ ðk _cÞm
Carreau l% l1
l0 % l1
¼ ð1þ ðk _cÞ2Þn%12
s is the shear stress (Pa), k is the flow consistency index (Pa.sn), _c is
the shear rate (s–1), n is the flow behaviour index (–), s0 is the yield
stress (Pa), l? is the apparent viscosity to a very high shear rate
(Pa.s), l0 is the apparent viscosity at zero shear (Pa.s), k is the
(Cross) time constant (s) and m is the Cross rate constant (–).
reau–Yasuda model is a generalized model of the Carreau
model in which the exponent 2 is replace by a parameter a
[11]. This model allows the best transition from the Newto-
nian threshold at low shear rates to the power-law model.
This model was selected to be part of the complex model.
However, identification of the power-law model was pre-
viously realised to determine the index n of the flow behav-
iour. Then, the Arrhenius model allowed observation of the
thermal influence on the viscosity of the feedstock. A term
depending on the particle size previously used by Senapati
et al. and Hidalgo [12] was also added to the model. Thus,
the generalised constitutive law applied for injection
moulding is described by Eq. (1).
g ¼ 10 Cu
D50
exp
Ea
RT
; <
g0ðð1þ k _cÞaÞ
n%1
a ð1Þ
where g is the viscosity. Cu is the ratio D60/D10. D10, D50
and D60 are the particle sizes at 10 vol.%, 50 vol.% and
60 vol.% of cumulative volume percentage, respectively.
Ea is the Arrhenius activation energy (kJ · mol
–1). R is the
perfect gas constant (J · K–1 · mol–1). T is the temperature
(K). g0 is the shear viscosity at zero shear rate (Pa · s). k is
the (Cross) time constant. c is the shear rate (s–1). n and a
are two parameters to be identified through the experimen-
tal measurements.
2. Experimental procedure
2.1. Powder
Nickel–chromium-based superalloy is used for high-tem-
perature and high-performance applications, particularly in
aeronautic industries. The chemical composition is shown
in Table 2. Because of its high cost, the reduction of waste
material is very important [13]. MIM is a good choice be-
cause it has minimal material waste.
A scanning electron microscopy (SEM) image of the
pure Inconel powder is shown in Fig. 1. The particles were
quasi-spherical. This type of particle shape is ideal for pow-
der injection moulding.
2.2. Binder
A binder system of multi-components was used to elaborate
the feedstock. The binder composition is presented in Ta-
ble 3. The relative volumetric fraction of powder was ap-
proximately 70 vol.%. The surfactant in the binder acted
as lubricant that enhanced the dispersion of the powder in
the binder during mixing. The surfactant also enhanced the
powder loading and green strength without compromising
the flow properties of the mixture.
2.3. Description of the mixing test
The mixing of the binder and powder was realised by a
twin-screw Brabender= Plastograph EC mixer. The maxi-
mum capacity of the mixing chamber was 55 cm3. The mix-
ing torque was measured and recorded by software. The
tests were repeated several times with the same processing
conditions: 175 8Cmixing temperature, 30 min mixing time
and 30 rpm rotation speed.
The powder was added to the molten binder when its
temperature stabilised at the required value. The mixing
made the feedstock homogeneous. The homogeneity of the
mixture could be evaluated by the evolution of the mixing
torque. When the torque reached a stable value, uniform
mixing was achieved [14]. Then, the feedstock was granu-
lated in pellets for easy handling in the subsequent proce-
dures.
An SEM image of the Inconel feedstock is shown in
Fig. 2. It could be observed that the powder particles were
wrapped by the binder.
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Table 2. Chemical composition of the Inconel superalloy powder
provided by Sandvik Osprey.
Material Content (wt.%)
Ni 53.2
Cr 20
Fe Bal.
Nb 4.87
Mo 3.24
Ti 0.68
Al 0.32
Cu 0.02
Si 0.24
Mn 0.14
B 0.001
Fig. 1. SEM image of the Inconel powder.
Table 3. Binder composition.
Component PP PEG SA
Volumetric fraction
(vol.%)
40 55 5
2.4. Feedstock rheology and particle size
The rheological properties of the feedstock were charac-
terised using a capillary rheometer. The rheometer barrel
was heated to 170, 180 or 190 8C, which was higher than
the melting temperature of the binder. Then, the binder
granules were filled in. A piston was applied with slight
pressure for 5–10 min to achieve a homogeneous tempera-
ture throughout the materials. Then, the binders were ex-
truded through several tungsten carbide dies of 0.5, 1 and
2 mm diameters with 8, 16 and 32 mm lengths, respec-
tively. The L/D ratio should be the same to keep the same
shear conditions for different dies. Using dies of different
sizes allowed broadening of the measurement range by
varying the shear rate in a range as large as possible. In fact,
the die with a diameter of 0.5 mm allowed us to measure
viscosities for shear rates up to 5.103 s–1. The die with a dia-
meter of 1 mm was used to measure shear rates between
1.102 and 1.104 s–1. The die with a diameter of 2 mm was
used to measure shear rates between 2 and 2.103 s–1 Then,
the curves determined by each die were collected together
to form only one curve. The viscosity of the binder was
measured over a wide range of shear rates from 100 to
105 s–1.
The particle size distribution was measured with a laser
scattering particle analyser in wet conditions.
3. Results and discussion
3.1. Mixing step
Figure 3 shows the variation of the mixing torque applied
on the mixing screw during the mixing step. The optimal
mixing duration could be determined from this curve. This
parameter corresponded to the duration of time to obtain a
stable mixing torque. The stability of the mixing torque cor-
responded to a process duration of approximately 30 min.
The feedstock was considered to be homogeneous after this
time [15].
3.2. Homogeneity of the feedstock
Rheological analysis of the feedstock was carried out at a
constant shear rate (50 s–1) using a capillary rheometer.
The results of this analysis can be observed in Fig. 4. The
viscosity measured vs. time was relatively constant. This
result confirmed that the Inconel feedstock was homoge-
neous after the mixing step [16].
3.3. Powder particle size
Figure 5 illustrates the particle size distribution of Inconel
superalloy powders in volume. The diameter values corre-
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Fig. 2. SEM image of the Inconel superalloy feedstock after the mix-
ing stage (70 vol.% powder and 30 vol.% PP/PEG/SA).
Fig. 3. Mixing torque evolution vs. time for Inconel feedstock elabora-
tion.
Fig. 4. Inconel feedstock apparent shear viscosity vs. time measured
using a capillary rheometer.
Fig. 5. Particle size distribution for Inconel superalloy powders.
sponded to cumulative volume fractionsD10,D50 andD90 of
3.53 lm, 6.24 lm and 10.97 lm, respectively. The standard
deviation was 0.86 lm.
3.4. Apparent viscosity
The results of the viscositymeasurements for the elaborated
feedstock are presented in Fig. 6. The feedstock exhibited
pseudo-plastic flow behaviour. The viscosity decreased as
the shear rate was increased to the test temperatures. This
viscosity was plotted for the measurements at 170, 180 and
190 8C.
3.5. Identification of the rheological parameters
The viscous behaviour of feedstock was first identified
using a power-law model. The powder index n was deter-
mined to be 0.36. The experimental values for shear rates
larger than 103 s–1 were used for the identification.
Then, a more precise identification was made using the
generalised constitutive model given in Fig. 7. This model
fitted well with the experimental values. The identified pa-
rameters are provided in Table 4.
In the Arrhenius equation, described by Eq. (2), from
which the thermal term was extracted, a constant B existed.
When the temperature was modified, this constant was also
modified. For this reason, other parameters, such as g0, a
and k, were modified with temperature in the generalised
constitutive model.
g ¼ B exp Ea
RT
; <
ð2Þ
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Fig. 6. Variation of the feedstock shear vis-
cosity at different temperatures, 170, 180 and
190 8C, measured using three capillary dies.
Fig. 7. Shear viscosity for the Inconel feed-
stock represented by the complex model with
identified parameters and the corresponding
values obtained by experiments.
Table 4. Parameters used in the constitutive law model.
T ( 8C) a k (s) g0 (Pa · s) n Ea (kJ · mol–1) R-square
170 0.6148 0.01190 207.5 0.36 20 0.9906
180 0.7344 0.01755 158.9 0.36 20 0.9767
190 0.8591 0.00995 64.5 0.36 20 0.9976
4. Conclusions
The determination of rheological parameters from the data
obtained through standard viscosimetric flow opens the
possibility of building reliable analytical models. These
models can then be used in injection simulations. The pres-
ent work allowed the identification of the rheological pa-
rameters associated with a nonlinear constitutive equation.
A robust analysis was used to determine the constitutive
coefficient values based on the experimental data obtained
by rheological tests.
The aim of this work was to examine a complex constitu-
tive model. This model provided a more accurate descrip-
tion of the effects of the shear rate and temperature on the
feedstock behaviour in large shear rate ranges.
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